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The ability to control the light-matter interaction with an external stimulus is a very active area of research since it creates exciting new opportunities for designing optoelectronic devices. Recently, plasmonic metasurfaces have proven to be suitable candidates for achieving a strong light-matter interaction with various types of optical transitions, including intersubband transitions (ISTs) in semiconductor quantum wells (QWs). For voltage modulation of the light-matter interaction, plasmonic metasurfaces coupled to ISTs offer unique advantages since the parameters determining the strength of the interaction can be independently engineered. In this work, we report a proof-of-concept demonstration of a new approach to voltage-tune the coupling between ISTs in QWs and a plasmonic metasurface. In contrast to previous approaches, the IST strength is here modified via control of the electron populations in QWs located in the near field of the metasurface. By turning on and off the ISTs in the semiconductor QWs, we observe a modulation of the optical response of the IST coupled metasurface due to modulation of the coupled light-matter states. Because of the electrostatic design, our device exhibits an extremely low leakage current of $6 pA at a maximum operating bias of þ1 V and therefore very low power dissipation. Our approach provides a new direction for designing voltage-tunable metasurface-based optical modulators. Published by AIP Publishing. https://doi.org/10.1063/1.5055013
The study and control of light-matter interactions are not only important from a fundamental scientific point of view but also because they can lead to new optoelectronic device concepts. Different regimes of the light-matter interaction can be obtained when a fundamental material excitation with an optical transition is coupled to some form of optical cavity. Particularly, the regime of strong coupling can lead to significant modifications of transmission and reflection spectra. This is typically evidenced by a spectral splitting of the resonance feature of the material excitation into two polariton branches separated by the Rabi splitting. The ability to vary this matter-cavity coupling with some external stimuli has been an active area of research for decades.
Recently, plasmonic metasurfaces have provided new ways to interact strongly with various types of material excitations such as electronic transitions in dye molecules, 1, 2 cyclotron resonances, 3 phonons, 4 epsilon-near-zero modes, 5, 6 and intersubband transitions (ISTs) in quantum wells (QWs). [7] [8] [9] The last offers some peculiar advantages for controlling the interaction strength with an applied bias, important for practical optoelectronic devices. In a coupled IST/metasurface system, the parameters that determine the coupling strength can be independently engineered. For example, the resonant frequency and the near field distribution can be engineered by adjusting the shape and size of the resonators forming the metasurface. The frequency and oscillator strength of the optical transition realized by the IST in QWs can be chosen by appropriate heterostructure design and QW doping density. In addition, the spatial overlap between the plasmonic mode and the ISTs can be controlled via the thickness of the QW stack.
Along with fundamental studies, metasurface-IST coupled hybrid systems have been studied for various applications such as ultrathin nonlinear metasurfaces, [10] [11] [12] [13] ISTbased light emitting diodes, 14 voltage-tunable filters, 8 and optical modulators. 9 In the context of practical tunable filters and modulators, it is essential to modulate the coupling between the two resonant systems using a bias voltage. While various voltage-tunable approaches to realize metasurface based modulators and filters have been reported such as using conducting-oxides such as ITO, 6 ,15-17 graphene, [18] [19] [20] [21] [22] and epsilon-near-zero modes in highly doped semiconductors, 5, 23 a coupled IST/metasurface system offers a significant advantage of having the flexibility of wide tunability of the operational wavelength of the device. Since the operational wavelength in a metasurface/IST coupled device is determined by the IST transition frequency, the latter can be tuned by (i) the heterostructure materials and (ii) adjusting the thickness of the QWs, where the spectral tuning of the IST is limited by the conduction band offset of the a) semiconductor heterostructure being used. For example, in an In 0.53 Ga 0.47 As/Al 0.48 In 0.52 As multi-QW heterostructure, the conduction band offset is $0.53 eV. The IST transitions using such a heterostructure can therefore be scaled to span most of the mid-IR wavelength range including the atmospheric transmission window of 8-12 lm which is extremely important for applications ranging from spectroscopy, material processing, thermal imaging, chemical and biomolecular sensing, and defense. On the other hand, existing approaches using conductive oxides such as ITO work mostly in the near IR and cannot be scaled to such long wavelengths. Graphene-based approaches show limited tunability but require high operation voltages and complex device architectures. 21 Finally, the approach of field effect modulation of the carrier density using epsilon-near-zero modes in highly doped III-V semiconductors works well at long-IR wavelengths but it is difficult to scale to much shorter wavelengths due to the decreasing depletion width for the higher doping densities required to operate in the near IR.
Prior work of voltage-controlled spectral or intensity modulation using IST-metasurface coupled devices has relied on the quantum-confined Stark effect 8, 9 to change the IST resonant frequency. Although the Stark effect leads to a significant spectral or amplitude modulation of reflectivity and/or transmission, it also requires a relatively large current flow on the order of mA. 8, 9 The current enables the homogenization of the large electric field across many heavily doped quantum wells needed for the Stark effect. Without the current flow, the charge in the heavily doped QW nearest to the electrical contacts screens the electric field from the other adjacent QWs, leading to no measurable quantum confined Stark effect for most of the QWs in the sample. Finally, attempting to deplete carriers from several highly doped QWs is also impractical due to the same screening argument and due to the thin depletion width obtained for doping densities higher than 10 18 cm
À3
. In this paper, we present a proof-of-concept experimental demonstration of a new approach to tune the optical response of a plasmonic metasurface using a voltage bias to control its coupling to ISTs. Instead of tuning the resonance frequency of the IST through Stark tuning, we tune the IST strength by changing the QW electron population via an applied voltage bias, leading to transfer of electrons from an electron reservoir to the wells. In contrast to the Stark shift approach, our approach does not require a continuous flow of current, thus reducing ohmic losses and power consumption. When no bias is applied, there is an absence of electrons in our undoped QWs, and therefore, the ISTs are turned off-the metasurface and IST are uncoupled and only the spectral response of the metasurface is present. When a bias is applied, electrons are electrostatically pulled from the electron reservoir and accumulate in the QWs. The enhancement of electron density in the QWs turns the ISTs on and leads to coupling between the metasurface and the ISTs. This, in turn, leads to modulation of the optical response (reflectivity or transmission) of the metasurface. To enable the electrons to quickly move in and out of the QWs, the QWs are designed so that their ground states would align at a certain bias to enhance the tunneling rate between the wells and reservoir. As a final refinement, we used a high-j dielectric barrier rather than a semiconductor barrier to prevent leakage current when the device is biased. While field-induced electron transfer has been used to frequency tune the spectral response of QW infrared photodetectors, 24, 25 it has not been used to modulate the optical response of a metasurface-IST coupled system. Field-induced accumulation therefore offers a new low-dissipation approach to modulate the optical response of a metasurface coupled to ISTs using a bias voltage.
To construct our devices, we fabricated a metallic 2D plasmonic metasurface on a high-j dielectric deposited on top of a semiconductor heterostructure (grown by molecularbeam epitaxy) as shown schematically in Figs. 1(a) and 1(d); the heterostructure is shown in Fig. 1(b) . Although there are technically 7 quantum wells, we consider the structure to consist of three effective In 0.53 Ga 0.47 As QWs and one InP QW all separated with Al 0.48 In 0.52 As barriers [ Fig. 1(b) , which acts as an electron reservoir and bottom contact simultaneously. The entire epitaxial stack is grown on a semi-insulating InP substrate. The QW thicknesses are chosen such that the IST transition between the ground state and the first excited state in each well is at a wavelength of $11 lm. The InP layer in each of the In 0.53 Ga 0.47 As QWs allows the IST in all the wells to have the same wavelength while keeping the ground state levels simultaneously aligned at a specific bias. for a bias of 0 V. The corresponding self-consistent Schrodinger-Poisson conduction band structure calculation of the multi-QW structure is shown in Fig. 1(b) ; at a bias of 0 V, only the ground state of the QW closest to the electron reservoir is below the Fermi energy and is therefore occupied. Figure 1(c) shows the corresponding spatial distribution of the electron density in the heterostructure. Since the QWs have negligible electron density, the ISTs in the QWs are inactive. Upon the application of a positive bias to the metasurface, the ground state energies of the QWs drop below the Fermi energy in the reservoir (without changing the energy difference between the ground and the first excited state), and at a certain voltage, the energy levels of all the QWs become aligned. The alignment of the ground states enhances tunneling from the electron reservoir and leads to filling of the ground states of all the QWs simultaneously. 26 Figure 1(d) shows schematically the new electron density distribution of the device for a bias of 1 V, and the corresponding band structure calculation is shown in Fig.  1(e) , where at 1 V, the ground states of all the QWs are nearly aligned and are below the Fermi energy. Figure 1(f) shows the corresponding spatial distribution of the electron density for the different QWs. The ground states in each well are now populated, and the ISTs are effectively "turned on." The final carrier concentration in the wells depends on the electron concentration of the reservoir and the heterostructure design. In this study, we chose the doping density such that the doped In 0.53 Ga 0.47 As reservoir layer has a plasma wavelength which is much longer than the IST wavelength. This ensures that the modulation of the metasurface response we observe experimentally is due to voltage-induced coupling between the metasurface and the IST and not from an epsilon-near-zero mode 5 supported by the doped layer. The fabricated metasurface in Fig. 2(a) consists of a plane of metal with a periodic array of inverse "dogbone" resonators (H shaped holes). This configuration was chosen because all the metal is electrically connected and can be used as a metallic gate for voltage biasing. Furthermore, the "dogbone" resonator [ Fig. 2(b) ] shape was selected for its high capacitance, which enhances coupling between the metasurface resonances and the ISTs. 27 The dimensions of the unit cell of this periodic array, shown in Fig. 2(b) , were chosen so that the dipole resonances of the metasurface had the same resonant wavelength as the IST wavelength which leads to coupling between the two resonances. The evanescent field of the dipole resonances of the metasurface generates electric field components normal to the surface, which enables the electric field to couple to the ISTs. [7] [8] [9] At 0 V (IST OFF state), the QW electron concentration is negligible, and the wells behave as dielectric layers. In this case, the optical response of the device is given by the uncoupled metasurface optical response. At 1 V (IST ON state), the QWs are populated, and the near fields of the metasurface drive the ISTs. This leads to coupling between the two resonant systems and a modified optical response. We note here that the decay lengths of evanescent fields of the dipole resonances are typically on the order of a few hundred nanometers. 11, 28 Since the heterostructure used for this study has only 4 QWs (spanning only $60 nm), we therefore do not obtain complete spatial overlap of the active region consisting of the QWs with the plasmonic mode.
A 10 nm HfO 2 layer deposited using Atomic Layer Deposition (ALD) separates the metallic gate and the multi-QW structures and acts as the high-j gate dielectric. To ensure a high-quality interface between the gate dielectric and the semiconductor heterostructure, we added a 1 nm interlayer of Al 2 O 3.
29 Figure 2 (c) shows a scanning electron micrograph of a metasurface fabricated using electron-beam lithography to pattern the "dogbones." It was followed by evaporation to deposit Ti/Au (5 nm/100 nm), and then, the metal was lifted-off to complete the process. To access the highly doped layer and to define the area of a device, wetchemical etching was used to etch away the gate dielectric and the QWs around 150 Â 250 lm mesas. Electrical contact to the highly doped layer was made by depositing a Ti/Au/ Ag/Au ohmic contact on top of the etch-exposed highly doped In 0.53 Ga 0.47 As layer. The bare resonance frequency of the metasurface scales with the dimensions of the metasurface unit cell. Therefore, to ensure that we obtained a device such that the metasurface resonance frequency was resonant 
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Sarma et al. Appl. Phys. Lett. 113, 201101 (2018) with the IST frequency, we fabricated resonators with different geometric scaling factors on top of the same heterostructure. Figure 2 (d) shows a schematic of the experimental setup used to measure the reflectance from the fabricated metasurface. Figure 2 (e) shows room temperature reflectance spectra (without any bias) of a metasurface with the resonators scaled 1.35Â larger than the dimensions in Fig. 2(b) . The spectra were obtained using a Fourier Transform Infrared (FTIR) spectrometer with a microscope objective of NA ¼ 0.4. The raw metasurface reflectance spectra were referenced against the reflectance spectra of an unpatterned gold surface to remove the spectral dependency of the FTIR spectrometer and extract the metasurface response. As shown in Fig. 2(e) , a scale factor of 1.35 places the metasurface resonance near the desired wavelength of 11 lm. This scale factor was used in the voltage-tuning experiment and simulations. Figure 3(a) shows the device current as a function of applied bias. As described above, our design requires a bias of þ1 V for the electronic bands to align and to inject electrons into all the QWs. For voltages between 61 V, leakage currents are below 6 pA and are therefore negligible. For the same range of voltages, we observe a change in capacitance of the device that can be understood as follows: at 0 V, the total capacitance of the device can be modeled as two capacitors in series, corresponding to the capacitance associated with the gate dielectric and capacitance corresponding to undoped multi QW stack which also behaves as a dielectric. As the voltage increases, electrons fill the QWs, and therefore, the effective thickness of the dielectric multi-QW stack decreases. For voltages above 1 V, all the QWs are filled so that the dielectric thickness now equals the constant gate dielectric thickness. Therefore, above 1 V, the capacitance saturates to the value of capacitance associated only with the gate dielectric. For negative bias applied to the metasurface, the reduction in capacitance is due to partial depletion of the highly doped In 0.53 Ga 0.47 As layer and the QW closest to it.
To estimate the voltage-dependent optical response of the metasurface, we performed finite-difference time-domain (FDTD) simulations, 30 where we used the heterostructure described above and periodic boundary conditions to model the metasurface through a single unit cell. The permittivity for the gold layer used in the simulation was extracted from spectral ellipsometry measurements on a separate 100 nm gold film prepared under similar conditions as the devices. Since only components of the electric field which are normal to the surface can couple to the ISTs, the ISTs in the heterostructure were modeled as anisotropic harmonic oscillators following the in-plane dipole selection rules. 31 Figure 4(a) shows the simulated reflected intensity from the metasurface for two bias-voltages, 0 V and 1 V, and the inset in Fig. 4(a) shows the absolute value of the relative percent change in the reflected intensity as a function of wavelength. The simulation predicts $12% change in the reflectance spectrum when the electron population in the wells changes. For the same structure, our simulations predict an $16% decrease in the transmittance and an enhancement of absorbance by $45%. The absorption is enhanced because the ISTs are turned on when the bias voltage is applied. Figure 4 (b) shows experimentally measured room temperature FTIR reflectance measurements of the metasurface for 0 V and 1 V, and the inset in Fig. 4(b) shows the absolute value of the relative percent change in the reflectance as a function of wavelength. We observe a qualitative agreement between the simulations and experiments, with an overall experimental modulation smaller than the simulated modulation. This is because the simulations assumed that the sample was illuminated by normal incidence plane waves, whereas the experiment used a microscope objective with 0.4 NA resulting in illumination with a large spread of incoming angles. 8 Since the voltage-induced change in the optical response is small, we performed a double modulation rapidscan FTIR measurement 32 to improve the signal to noise ratio of the DR/R measurement. Figure 4(c) shows the change in the reflectance as a function of wavelength, measured using the double modulation. Qualitative agreement with the simulated results is again observed. To confirm that the modulated optical response of the metasurface originates from the voltage-induced change in the strength of the IST coupled to the metasurface, we repeated our double modulation FTIR measurement with metasurfaces of different scale factors. When the metasurface resonance did not spectrally overlap with the IST resonant wavelength of 11 lm, no change in the reflectance was observed. Therefore, we conclude that the modulation of the optical response was due to the voltage induced change in the strength of the ISTs coupled to the metasurface.
Finally, we discuss additional ways for enhancing the modulation of the optical response of the metasurface using this approach. This proof-of-concept design has only 4 QWs 
and therefore does not provide complete spatial overlap with the optical mode. One possible way to mitigate this issue is by introducing a metal backplane underneath the highly doped In 0.53 Ga 0.47 As layer which will significantly decrease the optical mode volume. 33 Figure 4(d) shows the simulated reflected intensity from the metasurface for 2 bias-voltages, 0 V and 1 V, but now with a metal backplane underneath the In 0.53 Ga 0.47 As layer. The addition of metal backplane leads to reduction in the spectral width of the uncoupled metasurface resonance and induces a slight spectral shift. As shown in the inset, the simulated voltage-induced modulation, jDRj/R, now increases by more than an order of magnitude and can be as large as 140%. Since fabrication of devices with a metal backplane requires more involved flip-chip processing, these steps will be investigated in future studies. Furthermore, future studies will also investigate other heterostructure designs that may allow a larger number of QWs and higher electron density, thereby enabling us to enhance the modulation of the optical response. 34, 35 In conclusion, we have presented a proof-of-concept experimental demonstration of a new approach for modulating the optical response of a metasurface coupled to ISTs in semiconductor QWs which uses low bias voltage and exhibits low leakage current. We demonstrated that a positive bias applied to a plasmonic metasurface resulted in enhancement of electron density in undoped quantum wells located in the near field of the metasurface. Changing the electron density in the wells modified the strength of ISTs in the wells. Since these ISTs were coupled to the metasurface resonances, changing their strength modified the reflectance of the device. Comparing experimental and simulated results, we showed that the voltage induced change in the optical response is due to coupling of the ISTs to the metasurface. Finally, we also presented directions for future studies for enhancing the modulation of the optical response of the metasurface using this approach. This work was supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering and performed, in part, at the Center for Integrated Nanotechnologies, an Office of Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under Contract No. DE-NA0003525. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in this paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.
